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Abstract. Radio continuum and polarization observations of the entire Cygnus Loop at A6 cm wavelength were made with the 
Urumqi 25 m telescope. The A6 cm map is analysed together with recently published maps from the Effelsberg 100 m telescope 
at All cm and All cm. The integrated flux de nsity of the Cygnus Lo op at A6 cm is 90±9 Jy, which implies a spectral index of 
a = -0.40 ± 0.06 being consistent with that of lUvaniker et alj i2004) in the wavelength range up to /111 cm. This rules out any 
global spectral steepening up to A6 cm. However, small spectral index variations in some regions of the source are possible, but 
there are no indications for any spectral curvature. The linear polarization data at A6 cm show percentage polarizations up to 
35% in some areas of the Cygnus Loop, exceeding those observed at /111 cm. The Rotation Measure is around -21 rad m"' in 
the southern area, which agrees with previous observations. However, the distribution of Rotation Measures is rather complex 
in the northern part of the Cygnus Loop, where the All cm emission is totally depolarized. Rotation Measures based on /II 1 cm 
and A6 cm data are significantly larger than in the southern part. The difference in the polarization characteristic between the 
northern and southern part supports previous ideas that the Cygnus Loop consists of two supernova remnants. 
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1. Introduction 

The Cygnus Loop (G74.0-8.5) is a large and intense non- 
thermal Galactic radio source. It is a rather well studied 
' object at all observing bands. It has an apparent size of 
, ~ 4° X 3° a nd its distance was recently revised to 540 
' pc by iBlair.'S ankrit & Raymond (2005) using Hubble Space 
Telescope data. The small distance and its location well out 
of the Galactic plane lead to little obscuration or confusion 
with Galactic emission to any observations. Its non-thermal ra- 
dio spectrum makes its identification as a supernova remnant 
(SNR) most likely, which is supported by observations in other 
wavelength ranges. 

In the radio band a re cent spectral index s tudy of the 
Cygnus Loop was made by lUyaniker et alJ ( l2004h using high 
quality data from the Effelsberg 100 m telescope and the DRAO 
synthesis telescope in the frequency range from 408 MHz to 
2675 MHz at arcmin angular resolution. For the integrated ra- 
dio emission they obtained a spectral index of ff = -0.42 + 0.06 
(with a defined as Sy oc v", with being the flux den- 
sity and V the frequency). This straight spectrum rules out 
any sp ectral break around 1 GHz as reported earlier ( DeNoyeE 
1 19741). However, the flux density measured by lKundir& Becken 
1I1972I) at 5 GHz, the highest frequency where the Cygnus 
Loop was observed so far, is inconsistent with the spectrum of 
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lUvamker et all ( l2004 and indicates some spectral steepening 
above 2.7 GHz. A steepening in the spectrum of a SNR is an 
important and characteristic feature, which is closely connected 
to the age and the evolution of the source in the interstellar 
medium. This is for instance observed for the SN R S147, which 
is similar to the Cygnus Loop in many aspects ( Fiirst & ReichI 
il986i) . It is therefore of interest to establish the spectral break 
for the Cygnus Loop and to identify regions or structures within 
the SNR where the spectral break takes place. However, sen- 
sitive radio continuum observations of large sources like the 
Cygnus Loop are not easy to perform. Only single-dish tele- 
scopes can do that at high frequencies. However, they need a 
high sensitivity and baseline stability of the receiving system 
(a low 1/f-noise) so that any large-scale emission component 
is detected, otherwise it will lead to an underestimate of the 
integrated flux density and falsely suggest a steepening of the 
spectrum. 

The Cygnus Loop is not fully understood, though it has 
been observed in almost all bands of the electromagnetic spec- 
trum. In particular its morphology with a large northern circular 
shell and a bubble-like southern part ma kes it an unusual object 
compared to other SNRs. It was argued jAschenbach & Leahvl 
(1999) that the southern bubble resembles the outbreak of the 
SNR as visible in the X-ray bright northern shell into a low 
density cavity of th e interstel lar medium. However, theoreti- 
cal modeUng bv .Tenorio-Tagle. Rozvczka. & Yorke.Cl985i) as- 
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suming a molecular environment shows that the SNR must 
be exploded in the southern bubble and the northern part is 
the outbreak. Substantial differences between the northern part 
and the southern part have been obs erved in their radio emis- 
sion properties (Uvan iker et alJ20'04|) as well as in their o ptical 
and X-ray emission charac teristics (P atnaude et alJ2002l) . This 
motivated l Uvaniker et alJ ( 12002 ) to propose that the Cygnus 
Loop consists of two Ukely interacting SNRs: G74.3-8.4 and 
G72. 9-9.0. That the Cygnus Loop consists o f two SNRs was 
independently put forward by lT,eahvl ll2002h . However, more 
data are needed to settle this view. 

In this paper we try to resolve these questions using sensi- 
tive A6 cm observations of this large radio source made with 
a new A6 cm receiving system installed at the Urumqi 25 m 
telescope. We describe the receiving system and the data re- 
duction procedure in some detail in Section 2. Our results and 
the analysis of the total intensity and polarized emission of the 
Cygnus Loop at AA6 cm, 11 cm and 21 cm are presented in 
Section 3, followed by remarks on the two-SNR scenario and 
the conclusion in Section 4 and 5, respectively. 

2. Observations and Data Reduction 

The A6 cm observations were made with the 25 m tele- 
scope at Nanshan station operated by the Urumqi Astronomical 
Observatory, which is part of the National Astronomical 
Observatories of the Chinese Academy of Sciences. The tele- 
scope is located about 70 km south of Urumqi city at an al- 
titude of 2029 m above sea level with the geographic longi- 
tude of 87 °E and latitude of H-43°. The telescope was mainly 
used for VLB! observations as a member of the European 
VLB! Network an d also for pulsar timing observations at L- 
band dWang et al. ■ 2001. 2003). New possibilities for contin- 
uum and polarization mapping were opened by the recent in- 
stallation of a dual-channel A6 cm receiving system constructed 
at the Max-Planck-Institut fiir Radioastronomie (MPIfR) in 
Bonn/Germany. This receiver is a copy of the A6 cm receiver 
being in operation at the MPIfR Effelsberg 100 m telescope 
since 1996. The new receiver has a higher stability and a lower 
1/f-noise, which are ideal characteristics to perform mapping 
of large areas of the sky in the radio continuum and in linear 
polarization. 

The A6 cm receiver is installed at the secondary focus of the 
25 m telescope. Following the corrugated circular feed horn an 
orthogonal transducer converts the signal into left-hand (L) and 
right-hand (R) circularly polarized components, which are then 
amplified by two cooled HEMT pre-amplifiers working below 
15 K. A "Digital Backend" from the MPIfR collects the data at 
a sampling rate of 32 msec. Every 32 msec the frontend setting 
changes, so that either a calibration signal of 1.7 K Ta is added 
to the antenna signal and/or the signal phase is switched off by 
180°. Four phases include all possible combinations in 4x32 
msec. This fast switching ensures a continuous gain control of 
the receiving system and the 180° phase switch allows to com- 
pensate for the quadratic terms of the IF-polarimeter, which 
is the same as those used at the Effelsberg 100 m telescope for 
broadband polarization observations cWielebinski et al. .2002.) . 



Table 1. Observational parameters for the Cygnus Loop 



Frequency [GHz] 


4.8 


Bandwidth [MHz] 


600 


Tsys [K] 


22 


HPBW ['] 


9.5 


Scan mode 


RA and DEC 


Scan- Velocity [°/min] 


2 


Scan Separation ['] 


4 


Map Size [° x °] 


4.2x4.8 


Coverages I (PI) map 


5 (6) 


RMS-I [mK] 


1.0 


RMS-PI [mK] 


0.4 


Observation Date 


August-December 2004 


Primary Calibrator 


3C286 


Flux Density [ly] 


7.5 


Polarization Percentage [%] 


11.3 


Polarization Angle [°] 


33 



A computer with a LINUX operation system is used to 
store the raw data in the MBFITS format as developed for the 
Effelsberg 100 m, the IRAM 30 m and the APEX 12 m tele- 
scopes (Hatchell 2003). The raw data are further processed by 
the TOOLBOX-software package adapted from the Effelsberg 
100 m telescope. Via TOOLBOX, the raw data of the four back- 
end channels (RR*, LL*, RL*, LR*) are converted from a time 
series into a tabulated format with a user specified fixed spa- 
tial separation on the sky using a sinc-interpolation function. 
The calibration signals of each subscan (row or column) of a 
map are extracted and fitted to account for any gain drifting 
and also to control the phase stability of the IF polarimeter. The 
tabula ted maps are then transformed into NOD2 maps ( Ha slamI 
11974 with the polarization U and Q-channels corrected for the 
parallactic angles. The LINUX PC is also used to command the 
telescope control computer to move the telescope according to 
the mapping requirements. Mapping can be done in a number 
of different astronomical coordinate systems and in the az/el 
coordinate system of the telescope. 

From test observations made in August 2004 the relevant 
system and antenna parameters were determined. A detailed 
description of the system performance will be given elsewhere. 
In brief: the system temperature was measured to be about 22 
K for clear sky conditions towards the zenith. The beam is cir- 
cular and the half power beam width (HPBW) was found to be 
9'5. The aperture efficiency was measured to be about 62% and 
the beam efficiency is about 67%. The maximum of the first 
sidelobes along the four feed support legs is about -17 dB or 
2%. The conversion factor between Jy/beam area and the main 
beam brightness temperature is TB[K]/S[Jy] - 0.164. The cen- 
tral frequency of the receiver is 4.8 GHz and its bandwidth is 
600 MHz (see Table 1). 

We made a number of 4°.2 x 4°8 raster-scan maps of the 
Cygnus Loop area centered at a200() = 20*^52", ^2000 - 30°30' 
by scanning along right ascension or declination direction, re- 
spectively. All these observations were done in autumn 2004 
at clear sky. To avoid any contamination by the far-sidelobe 
response of the solar emission all the observations were con- 
ducted in the late evening or during the night. The scan ve- 
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locity was always 2°/min. The scan spacing of 4' provides full 
sampling. This means 2 seconds of integration time for each 
pixel and about 153 minutes for one coverage. The tracking and 
pointing errors for each coverage are within 1' in right ascen- 
sion and 30" in declination as found by fitting strong compact 
sources withi n the field and comparing with positions provided 
by the NVSS llCondon et alJil998:) . 

The NOD2 based data reduction package for radio con- 
tinuum and polarization observations from the Effelsberg 100 
m telescope was converted from the SOLARIS operation sys- 
tem to the LINUX system for Urumqi observations. The 
individual maps were edited to remove spiky interference, 
to correct baseline curvatures by polynomial fitting, and to 
suppress scanning effects by a pplying an "unsharp masking 
method" dSofue & Reic h 1979). All individual maps were on 
a relative baselevel, where the two ends of each subscan are 
set to zero. All maps observed in the two scanning direc- 
tio ns were then "wea ved" together by applying the method 
of lEmerson & Grav3 lll988 ). which is quite powerful to de- 
stripe a set of maps in the Fourier domain. 

The flux density scale for the continuum and polarization 
observations and also the polarization angle was adapted to 3C 
286 as the main calibrator (see Table 1). 3C 48 and 3C 138 were 
observed as secondary calibration sources, which were always 
visible during the Cygnus Loop observations. From the scatter 
of the measured calibration sources we quote an accuracy of 
our total intensity and polarized intensity scales of about 5%. 
The polarization angle is stable within +1°. 

3. Result and analysis 

3.1. Urumqi A6cm map 

From five full coverages of the Cygnus Loop and another par- 
tial one of its northern part we obtained the total intensity map 
as shown in the upper panel of Fig.^ For the maps in Stokes 
U and Q we have one full coverage in addition. From the U 
and Q maps we then calculated the polarized intensity map 
corrected for the noise level and the distribution of polariza- 
tion angles. The resultant r.m.s. -noise in our final total inten- 
sity map is about 1 mK Tb and 0.3 mK Tb in the Stokes U 
and Q maps and about 0.4 mK Tb in the polarized intensity 
map. These r.m.s-values are slightly larger than those expected 
from test observations of small fields, which can be attributed 
to "scanning effects" caused by instrumental drift, atmosphere 
and ground radiation variations that affect total intensity sig- 
nals more severely than correlated polarization data. In addi- 
tion, low-level interference close to the noise level can not be 
easily identified, but may also lower the sensitivity. A Gaussian 
fit to strong sources in the map yield an efi'ective angular resolu- 
tion of 9'.7, also slightly larger than test observations reflecting 
small pointing differences between different coverages. All rel- 
evant observational parameters are listed in Table 1 . The final 
results of our A6 cm observation are shown in Fig. ^ slightly 
smoothed to a HPBW of 10'. 

During our observations we noted that the flux density of 
the source CL 4 (Fig.[I]upper panel, Q'2000: 20''50™46^.3, 62000' 
31°27'51'.'0) (.Keen et al...1973.) varied by about 30% during a 



Cygnua Loop Urumqi 6cm I(eontours) + E(bars) 




aO^S?" 20''53" 20''49°' 20''45' 

RA (2000) 



Cygnus Loop Urumqi 6cm Pl(contours) + B(bars) 




SO^S?" 20''53" 20''49"' 20''45' 

RA (2000) 



Fig. 1. The Urumqi A6 cm map of the Cygnus Loop smoothed 
to a HPBW of 10'. Upper panel: Total intensity is displayed in 
contours, where the intensity levels of 5, 10 (thin lines), 20, 40, 
60 mK Tb... (thick lines) are shown. The bars show the orienta- 
tion of the polarization E-vectors with their length proportional 
to the polarized intensity and with the lower limit of 2 mK 
Tb (5x rm.s-noise). The sources CL 2 and CL 4 are marked. 
Lower panel: Contours show polarized intensities starting from 
2 mK Tb and running in 3 mK Tb steps. The bars are the same 
as in the upper panel but show the orientation of the B-vectors 
by adding 90° (this assumes negligible Faraday rotation). The 
main polarized features are labeled. 
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timescale of about 48 days (Fig.|3. Attention to the variability 
of CL 4 was first drawn by Keen et al. ( 1973). Its location in 
the Cygnus Loop direction makes it a source of special inter- 
est. Meanwhile CL 4 was prove d to be of extragala ctic origin 
from Hi absorption observation i Goss^vanGoAom & Shaffer 
Il979l) with a redshift of 3.18 IPesai & FevI 12001). The ob- 
served variations cannot be explained by any instrumental ef- 
fects since the simultaneous observation of CL 2 (Fig. ^ up- 
per panel, aum: 20H5"44^;2, 620m: 32°33'42'.'5) did not show 
any variation (Fig. |2|i. Apart its high variability CL 4 shows 
angular b roadening of t he turbulent interstellar medium as dis- 
cussed bv lDesai& Fevl l('2001). The flux density of 0.58 Jy for 
C L 2 is consis t ent wi th the spectral index of q'=-0.48 obtained 
bv lKeenetal] ( 1 19731) between 408 MHz and 2695 MHz. 



Cygnus Loop Effelsberg llcm I(contoura) + E(bars) 



X CL4 
• CL2 



40 60 
Time (days) 



Fig. 2. The flux densities of CL 2 and CL 4 are plotted versus 
time. No flux density of CL 4 was obtained on August 29, 2004. 



3.2. Effelsberg maps at A21 cm and A11 cm 

In the following we compare our new A6 cm Cygnus Loop map 
with those at All cm and All cm from the Effelsberg 100 m 
telesco pe. The All cm data were published by Uvaniker et al. 
1I1999I) as example maps for the Effelsberg "Medium Galactic 
Latitude Survey", where the Cygnus Loop area was cut out 
from a larger field. It should be noted, that the polarization data 
were meanwhile reprocessed to better account for instrumen- 
tal cross talk effects. The differences to the published maps are 
small in general but only show up in areas of str ong continuum 
source s. The All cm map was published bv lUvaniker et al] 
ll2002h . Both Effelsberg maps were convolved to a common an- 
gular resolution of 10' to be compared with the Urumqi map. 
At this angular resolution we measure a noise level of 13 mK 
and 10 mK at All cm and 4 mK and 1.4 mK at All cm for to- 
tal intensity and polarized intensity, respectively. The smoothed 
Effelsberg All cm and All cm maps are shown in Fig. |3 and 
Fig-El respectively. 

3.3. The integrated flux density spectrum of the 
Cygnus Loop 

We obtained an integrated flux density of the Cygnus Loop at 
A6 cm of 90+9 Jy. To make the result compatible with previous 
values, we have included point sources in the flux integration. 




aO^S?" 20''53" 20''49"' 20''45"' 

RA (2000) 

Cygnus Loop Effelsberg llcm Pl(contours) + B(bars) 




20"53"' 20"49" 
RA (2000) 

Fig. 3. The same as Fig. ^but for the Effelsberg All cm maps. 
In the upper panel the thin contours start from 20 mK Tb with 
an interval of 20 mK Tb. The thick contours start at 100 mK 
Tb and run in 100 mK Tb steps of total intensity. In the lower 
panel, the polarization intensity contours start at 7 mK Tb and 
run in 14 mK Tb steps. Bars with polarization intensities below 
7 mK Tb (5x r.m.s-noise) are not shown. 



The quoted error reflects the uncertainties in determining the 
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Cygnus Loop Effelsberg Slcm I(contours) + E(bars) 



29° 




with lower frequency data obtained recently bvlUvaniker et alJ 
( 2004), we derived a spectral index of a = -0.40± 0.06 (Fig.|5}. 



20°57" 



20''53" 



30°49" 



20°45" 



RA (2000) 

Cygnus Loop Effelsberg 21cm Pl(contours) + B(bars) 




RA (2000) 

Fig. 4. The same as Fig.|3lbut for the All cm maps. In the upper 
panel contours represent the total intensities. The thin contours 
are at 65 and 195 mK Tb and the thick contours at 400, 800, 
1 200 mK Tb . In the lower panel polarization intensity contours 
at 50, 100, 150 mK Tb ... are shown. Bars with polarization in- 
tensity smaller than 50 mK Tb (5x r.m.s-noise) are not shown. 



calibration factors and background levels, which adds up in to- 
tal of about 10%. Combining our integrated A6 cm flux density 



This is consistent with the result bv lUvaniker et al . ( 2004), who 
derived a - -0.42+0.06 up to /111 cm. There is no indication of 
a spectral break in the frequency range up to A6 cm. The only 
A6 cm flux density of the Cygnus Loop previously obtained 
bv lKundu & Becked i ll 972h was 73 + 7 Jy. This flux density is 
lower than our result by 20% (see Fig. |5}, which is probably 
caused by missing some diffuse emission due to the lower re- 
ceiver sensitivity at that time compared to our present A6 cm 
system. Their low flux density was interpreted as an indication 
of a spectral steepening. However, our new A6 cm measure- 
ments do not confirm this low flux density. 




1000 2000 
Frequency (MHz) 



Fig. 5. The spectral i ndex was calculated ba sed on flux density 
values determined bv lUvaniker et alJ (l2004l) an d the present A6 
cm data. The result of' Kundu & BeckeJ ill 9721) is included for 
comparison and marked by "X". 



3.3.1 . TT-plot analysis 

We made temperature - versus - temperature (TT) plots of the 
entire source at 10' angular resolution between the Urumqi A6 
cm and the Effelsberg maps at All cm and All cm to establish 
a common baselevel for these maps. 

As the Cygnus Loop is very large, the diffuse Galactic 
emission is probably not constant across the entire source. This 
might cause offsets in the TT-plots in particular for low bright- 
ness temperatures. This effect might also increase the spectral 
index from TT-plots, since the spectrum of the Galactic emis- 
sion is steeper. Therefore we have discarded all pixels with a 
brightness temperature below 10 mK Tb at A6 cm, 50 mK Tb 
at /111 cm, and 300 mK Tb at All cm when we fit spectral 
indices from TT-plots (Fig.|6}. 

According to the TT-plots, 2 mK, 8 mK, and 23 mK are 
added to the 4800 MHz, 2675 MHz and 1400 MHz maps. In 
addition the TT-plot yields the spectral index /3 between A6 
cm//lll cm, A6 cm/All cm, and All cm/All cm data: /3 - 
-2.43+0.04, -2.46+0.04, and -2.47+0.04, respectively. The 
spectral index of the brightness temperature /5 and of the flux 
density a has the relation a -l+ji. The average spectral index 
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50 

4B00 MHz mK T„ 




50 

4800 MHz mK T„ 



Fig. 6. The TT-plots of the A6 cm//lll cm pair (upper panel) 
and A6 cm/ All cm pair (lower panel) are shown. The discarded 
pixels are marked in the small box. 



a - -0.45 + 0.04 derived from the TT-plot is consistent with 
the spectral index obtained from integrated flux densities. 

3.3.2. Spectral index map of the Cygnus Loop 

Using the maps with corrected background levels we calculated 
a spectral index map as shown in Fig.0 where the spectral in- 
dex of each pixel was obtained by linearly fitting the bright- 
ness temperatures at three freqencies. In order to achieve a 
high signal-to-noise ratio and to exclude the influence of sys- 
tematic effects we took the similar cut-off levels as the TT- 
plots. Figure0shows some distinct regions with a higher than 
average spectral index: the northeastern rim (NGC 6992/5 or 
NE1/NE2 in Fig.Q and the northwestern region (W in Fig.Q 

both with spectral index of a 0.40, and the southern part, 

especially the western edge (S3 inFig. Q with spectral index 
of g ~ -0.35. Slight ly fl atter spectra were also reported by 
lLeahv&Roge3(ll998l) and lUvaniker et all (l2004 for these re- 
gions. The spectral index distribution in general shows a grad- 
ual steepening from the south towards the CL 4 region. The 
maximum spectral difference reaches about 6a ~ 0.3 and is 
related to a decrease of Cygnus Loop's diffuse radio emission 
(Fig. [D- It is therefore not clear to what extent the increasing 
influence of Galactic steep spectrum emission in this region is 
responsible for the gradual spectral steepening or if it is intrin- 
sic to the Cygnus Loop. This spectral steepening behavior to- 



wards the central region with weak diffuse emissi on is s imilar 
seen in the spectral index maps of Uvanikeretal]( l2004 . 

In the shell of the Cygnus Loop shock acceleration might 
produce high energy electrons and hence strong emission in the 
presence of a strong magnetic field. The intrinsic spectrum of 
young electrons at the shock may diff'er from that in the diffuse 
emission region in case energetic particles diffuse away and 
thus steepen the spectrum, as synchrotron aging seems unable 
to explain a steepening. In regions with weaker magnetic fields 
the observed emission originates from higher energy electrons. 
The observed slight flattening in the strongest shell regions is 
qualitatively understandable. An alternative explanation based 
on Galactic magnetic field compression was discussed in some 
detail bv .Leahv & Roger (.1998) . 




ZCS?" 20"53"' 20"49'" 20°45'" 

RA (2000) 

Fig. 7. Spectral index map calculated from A 6cm, Al I cm and 
A 21cm maps. All the maps are convolved to the angular reso- 
lution of 10'. The gray scale extends from -2.6 (light) to -2.2 
(dark) and the overlaid contours start at -2.6 and run in steps 
ofO.l. 

It is obvious that a straight spectrum from integrated flux 
densities does not rule out to some extent variations of the 
spectrum in different regions of a SNR or a possible spectral 
steepening in some areas. To check this possibility, we com- 
pare the spectral index maps A6 cm/Al I cm and A6 cm/ All cm. 
In case the A6 cm/Al I cm spectral index is smaller than that of 
A6 cm/Al I cm a spectral steepening towards higher frequencies 
is indicated. Otherwise, there is a spectral flattening. We found 
from the two spectral index maps that in the southern region 
the spectral indices agree within 6a - 0.03. In the northern part 
encompassing the central filament, the spectral index of the A6 
cm/Al I cm pair is smaller by 6a = 0.1 than the A6 cm/ All cm 
pair. In the NGC 6992/5 region the spectral index of the A6 
cm/Al I cm pair is smaller at the edge of the rim and larger near 
the centre. For the rest of the Cygnus Loop the spectral index 



X. H. Sun et al.: Cygnus Loop at A6 cm 



7 



of the A6 cm/Al 1 cm pair is slightly larger, but never exceeding 
6a = 0.1. These small spectral differences for different regions 
suggest that there is no significant spectral steepening or flat- 
tening in the frequency range from 1400 MHz to 4800 MHz, 
even for small regions. 

We note that a more detailed TT-plot analysi s of the Cygnu s 
Loop for a number of subfields was made by 'Green I ( Il990l) . 
[Leahy & Roger ( 1998) and Uyanikeret al. (2004), where flie 
results from all studies were compared. Large local spectral 
curvature as reported by 'Leahy ^ Rogeil ( ll998h was not con- 
firmed by Uyaniker et al. ( 2004) with high quality data in the 
frequency range from 408 MHz to 2675 MHz, and also not by 
us for frequencies up to 4800 MHz. 

3.4. Polarization analysis 

The polarization intensity maps at /II 1 cm and A6 cm are very 
similar in morphology (Figs. [2 and O. The main polarization 
features and their nomenclature are displayed in Fig. [J The 
polarization percentage (PC) maps derived for these three fre- 
quencies are shown in Fig. |8] For total (polarized) intensities 
below 5x (8x) r.m.s-noise at All cm, 5x (lOx) r.m.s. -noise at 
Al 1 cm and 5x (20x) r.m.s. -noise at A6 cm no PC is shown. 

At A6 cm the central filament C in the northern shell shows 
strong polarization with polarization percentages up to 35% in 
the northern shell. The NGC 6992/5 region (NEl & NE2 in 
Fig-GJ and the NGC 6960 region (W in Fig.^ also show a fair 
amount of polarization up to about 30%. The southern region 
consists of three patches (Fig. [2 SI, S2 and S3) and all exhibit 
considerable polarization at a level of about 20%. At Al 1 cm 
the percentage po larization is significa ntly lower in the north 
than in the south dUvaniker et alJ2o'o3) . 

A check on the effect of beam depolarization was made by 
comparing the Effelsberg A 21 cm map with the higher resolu- 
tion DRAG All cm map bv iLeahv. Roger & BaUantvnel lfl997.) . 
The DRAG map shows similar very weak polarization in the 
northern half of the Cygnus Loop, which indicates the pres- 
ence of strong internal depolarization on scales smaller than 
resolved by the 1' beam of their observations. 

3.5. Rotation measure analysis 

The polarization maps of the Cygnus Loop maps at three fre- 
quencies in principle allow to find out unambiguous rotation 
measures (RMs). Basically, we linearly fit the polarization an- 
gles at three frequencies versus the square of the wavelength 
for each pixel from all maps. To gain a high signal to noise ra- 
tio all pixels with a polarized intensity below 5x the r.m.s-noise 
were not included in the fit. 

The average RM in the southern region is -21 rad nT^, 
consistent with earlier re su lts by lUvaniker et alJ J2002D. 
iLeahv. Roger & Ballantvii^ (Il997l) and iKundu & BeckeJ 
lll972h . The r.m.s. -scatter (ct^m) is 7 rad m ^. Such a RM- 
value at 4.8 GHz results in a rotation of the polarization angle 
by roughly 4° with a r.m.s. -scatter of about 1°.5. Therefore the 
A6 cm polarization map quite closely displays the intrinsic 
magnetic field direction in that region (Fig.[0. The maximum 



systematic uncertainty as infered by the maximum polarization 
angle deviations of the calibration sources (1° at All cm and 
at A6 cm), respectively, implies a systematic RM error of up to 
4 rad m"^. 

The average RM in the central filament C in the northern 
shell of -28 rad m"^ with ctkm of 7 rad m"^ is quite similar to 
that in the southern region. 

These RM-values can be attributed to the foreground inter- 
stellar medium along the line of sight in the Galaxy: We assume 
an electron density Ug ~ 0.02 cm"-^, a magnetic field strength 
along the line-of-sight B|[ ~ 3 fiG as typical values for the lo- 
cal interstellar medium and a distance D of 540 pc. The rota- 
tion measure RM calculates: RM = 0.81nfB||D, which yields a 
RM of -26 rad m"^, where the negative sign is tak en from th e 
general direction of the large scale magnetic field ("Han"2004|). 
We note that the Cygnus Loop distance of 540 pc was actually 
derived from the pro per motion of the optical filame nt in the 
NGC 6992/5 region (Bl air. Sankrit & Raymondl2005l) . We use 
this distance for all components of the Cygnus Loop. 

Except for filament C, the RMs in the northern part can- 
not be derived unambiguously, since at All cm the emission is 
nearly entirely depolarized. For the NGC 6992/5 (NE1/NE2) 
and NGC 6960 (W) regions polarization angles at /111 cm and 
at A6 cm are available. The RM ambiguity is ±n x 362 rad 
m"^. This in principle allows a large number of possible RMs, 
although values of n larger than 1 seem rather unlikely in view 
of the physical size of the objects of a few parsec. 

We show the minimum absolute RMs (n=0) in Fig.|9] The 
average minimum RM is about -73 rad m"^ for NGC 6992/5 
and about -71 rad m"^ for NGC 6960. The rm.s. -scatter ctsm 
is about 3 1 rad m"^ for both regions, much larger than in the 
southern part. This indicates enhanced fluctuations of the mag- 
netized interstellar medium in the shells. The large RM vari- 
ation in these regions originates interior to the shell, which is 
probably caused by the interaction of the blas t wave with the 
cavity wall consisting of a high density cloud dLevenson et alJ 
Il997.) . Note that the beam of 10' corresponds to 1.6 pc at dis- 
tance of 540 pc, indicating the presence of turbulence in the 
shock fronts on smaller scales. 

FigureOshows an intrinsic orientation of the magnetic field 
in the shell in a more or less radial direction. This is quite un- 
usual for an evolved SNR, where a tangential magnetic field is 
expected. We therefore analyse also the case of larger RM val- 
ues (n=+l). Since the RM properties appear similar for NGC 
6992/5 and NGC 6960, we wifl focus on the discussion of NGC 
6992/5 for the case of large RM values. The mean RM (n=±l) 
is about 290 rad m"^ (or -430 rad m"^). Such high values of 
RM seems in fact possible when we consider the physical con- 
ditions in the shell. The magnetic field can be estimated by 
assuming energy equi partition between th e magnetic field and 
electrons and protons (|Pacholczyckll970l) : 

We derive a A6 cm flux density of 1 1 Jy by integrating the 
NEl and NE2 region and calculate the luminosity L for a spec- 
tral index of c = -0.40. For the radiating volume V we estimate 
about 400 pc"*. C is a constant (.Pacholczvck . 1 97(^ . 
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Fig. 8. Polarization percentage at A6 cm, All cm, and All cm are shown as contours in left, middle and right panels. All the 
contours start at a level of 5% and run in 5% steps. 



NGC 6992/5 X-ray (image) + RM (contour) + B (bar) 



NGC 6960 X-ray (image) + RM (contour) + B (bar) 
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Fig. 9. RM maps calculated from the AA6 cm and 11 cm maps for the NE1/NE2 and the W region are shown in the left 
and right panels, resp ectively. The overlaid grayscale image encodes the 0.25 keV X-ray emission from ROSAT observations 
jLevenson et alJl997h . The superimposed bars show the intrinsic orientation of the magnetic field. 



We obtain an estimate of the magnetic field of 47juG and 
the line-of-sight component of about 33 juG by multiplying the 
factor of 1/ V2. The typical electron density derived from X- 
ray observations is a few cm"-' with a temperature of about 0.2 
keV from ASCA observations (Mivataet al. 1994). A density 
of about 1 cm"^ in the shell with a similar temperature was 



derived from ROSAT observations Jlu & Aschenbach 1 l2005l) . 
The postshock electron density derived from the optical fil- 
ament obser vation is 10-100 cm -' (Ovi doublet jLong et alJ 
.199Z) or Sii jPatnaude et al.l2003) X much larger than that from 
the X-ray data, although the X-ray emission originates from 
diff'use gas. With a temperature of 0. 1 keV and an electron den- 
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sity of 1 cm"-' the pressure is 1 x 10"'° erg cm"-'. For a mag- 
netic field of 47 fiG the pressure is 0.87 x 10"'" erg cm"^, which 
means a balance between the gas and the magnetic pressure. 

Taking the values of the electron density and the magnetic 
field estimated above and the size of the rim as about 4.8 pc, 
we calculate an absolute RM of 128 rad m"^. This RM value 
shall be taken as a strict lower limit, because the magnetic field 
can be underestimated by a factor of several due to the unclear 
filling factor and the electron density is locally definitely much 
higher than 1 cm"^. 

The large RMs rotate the A6 cm polarization angles by 
about 60° and the intrinsic magnetic field direction is in 
this case along the shell especially for the NEl knots and 
for NGC 6960 (Fig. but not for NE2. The NE1/NE2 
shell is consider ably evolved and has already entered the 
radiative phase toanforth et J] l2000l) . At this stage, the 
froze n-in interstellar ma gnetic field is compressed in the 
shell jvan der Laanlll962h and is exp ected to be tangential to 
the shock front (iFiirst & Reichl20 04') as observed. 

We conclude that from our estimates large RM values like 
290 (-430) rad m~^ are quite feasible and in agreement with 
a basically tangential magnetic field in the shell. The minimm 
RM value of -73 rad m"" can not be ruled out, but requires 
a more radial field configuartion, which is typical for rather 
young SNRs in free expansion. A problem with RMs calculated 
from two frequencies is that there is no proof of the validity of 
the dependence to extrapolate for intrinsic values. This hap- 
pens in case the observed polarization at the two frequencies 
does not originate in the same volume. For a proof polarization 
observations higher than 5 GHz are needed. 

3.6. Depolarization analysis 

The degree of depolarization DP is defined as DP = PCo/PCj, 
where PCo is the observed polarization percentage and PC, is 
the intrinsic polarization percentage. For smaller DP the de- 
polarization is more reduced. The caveat here is that DP is 
wavelength-dependent and PC,- is assumed to be constant for 
different wavelengths. 

The re are several mechanisms \ yhich could cause de pol ar- 
ization ("Burn"l966'; 'Tribble"l991; 'Sokol off et al] ll998'). One 
of these mechanisms is bandwidth depolarization, which oc- 
curs when the polarization angles are rotated by a different 
amount across the band and hence the observed polarization 
is reduced. Bandwidth depolarization can be written as DP = 
sinc(2RMA^^), where Av is the bandwidth. Another mech- 
anism is external depolarization. This is severe in the case 
of large RM fluctuations {(Trm) in the foreground medium. 
Different regions of background polarization are rotated to a 
different extent and reduce the summed up polarization sig- 
nal. The degree of depolarization is directly related with ctrm 
as DP - exp(-2cr^^/l'*). Finally there is internal depolar- 
ization which occurs in the emission region. The average of 
the polarization from different depth and hence with differ- 
ent orientations within the source results in depolarization. 
In this mechanism DP is given by DP = [ ''""P^'^' l, where 
S = 2o-l^A'* - liA^n. Here K is the RM through the entire 



source, "R = 2RM (Sokoloff et'aDll998h . When the variation 
of RM is very small, the degree of depolarization reduces to 
DP = smcKA^. 

For the southern region the effect of the bandwidth depo- 
larization is negligible. With a bandwidth of 20 MHz at A2\ 
cm, 40 MHz at /II 1 cm, 600 MHz at ^6 cm and a RM of -21 
rad m"^, a DP of ~ 1 is obtained for all the cases. Internal 
depolarization seems very small since the RM is mainly of 
external origin. External depolarization does not cause large 
depolarization due to the small variation of RM. Therefore 
PCdcm ~ PC Wan ~ PCiicm ~ PCj is predicted. In fact, we mea- 
sure similar PCs (Fig.|S|l at A6 cm and All cm, and a slightly 
smaller PC at A21 cm map. All measurements are consistent 
with the expectations. 

For the northern part the situation is more complex. 
Polarized intensities were not detected for NEl and NE2 and 
marginally detected for W at /121 cm, which means that DP2\cm 
is nearly zero at these regions. The average PC is measured to 
be about 27%, 28% and 20% for NEl, NE2 and W regions at 
A6 cm and 23%, 23% and 15% at All cm. Here, we investi- 
gate the two possibilities for the RM, the small RM case (-70 
rad m"^) and the large RM case (290 (-430) rad m"^) to see 
which can account for the observed depolarization. For both 
cases the bandwidth depolarization is very small. Internal de- 
polarization, therefore, plays an important role since the large 
RM an d RM variation are caused by a m edium interior to the 

1 r — 

SNR. Lea hy. Roger & Ballantvnd (1997) found a correlation 
between X-ray emission and depolarization, which also indi- 
cates the presence of internal depolarization. According to that 
both the large RM case and the small RM case can result in the 
nearly entire depolarization at A21 cm. A RM of -430 rad m^^, 
however, can be excluded because this high value of RM makes 
the polarization even at A6 cm virtually vanish. The small RM 
can produce DP of ~94%, which indicates that the polarization 
at A6 cm is nearly intrinsic. But a DP of ~50% is then pre- 
dicted for All cm. This means the observed PC at /111 cm is 
larger than expected. It could well be that the observed polar- 
ization originates from different regions along the line of sight 
at /II 1 cm and A6 cm, where it might partly come from larger 
distances than at All cm. A large RM of 290 rad m"^, how- 
ever, causes about 33% of DP at A6 cm, implying an intrinsic 
polarization of 80% for the NEl and NE2 regions and 60% for 
the W region, which is critical although still feasible. The ex- 
pected PC is also smaller than the observed PC at /II 1 cm as for 
the small RM case. We conclude that we cannot infer from the 
depolarization analysis between the case of large RM or small 
RM. A definite answer will be given by another high frequency 
observation or multi-channel narrow band polarimetry. 

The central filament shows little depolarization and is 
salient at all the three wavelengths. This filament is totally dif- 
ferent from the other parts in the north in polarization property, 
which results from its location likely on the surface of the ex- 
panding shells. 

4. Remarks on two SNRs senario 

'Uvaniker et al." (2002') proposed that the Cygnus Loop consists 
of two SNRs: G74.3-8.4 and G72.9-9.0, where in the centre 




Fig. 10. Rotation Measure in contours and the intrinsic magnetic field in bars for the large RM case is shown. 



of G72.9-9.0 the anomalous X-ray source AX J2049.6+2939 
is located. It is most likely a neutron star (Mivata et al. 2001) 
left from th e supernova explosion of a 11-20 Mo progenitor 
star (!l.e ahvlE004,) . From the two polarization maps at A6 cm 
(Fig-[D ™d '^1 1 cm (Fig.|3, we can clearly identify two polar- 
ized shells corresponding to G74.3-8.4 and G72. 9-9.0 with a 
partial overlap. The polarization properties of these two shells 
are different. In the southern shell the magnetic field follows 
the shell conforming to the standard picture of a middle-aged 
SNR in the adiabatic phase. In the northern part the magnetic 
field orientation seems to be tangential as well, but the shell 
structure is more irregularly shaped by the blast wave-cloud in- 
teraction. The northern shell is totally depolarized at All cm in 
contrast to the southern shell. Differences between the northern 
and southern shell are also evident in their X-ray and optical 
appearance. All the f acts above strongly su pport the two-SNR 
scenario proposed bv lUvaniker et alJ (l2002h . 

The relation betwe en these two SNRs is n ot quite clear as 
already mentioned by 'Uvanike r et alJ (l2002h . From our RM 
analysis the two SNRs are at about the same distance. In the 
region of overlap there are two regions with enhanced X-ray 
emission at the we stern and estern side /Asch enbach & Leahvl 
[l999: Uvaniker et al. 2002) indicating some interaction be- 
tween the two SNRs. The spectral index distibution (Fig. 
shows a weak gradient, but no distinct change. Surprisingly 
the X-ray emissio n does not show any enhancement in the 
region of overlap dLevenson et alj[r997l) as one might expect 
from the interaction of two shock waves. As already noted by 
lUvaniker et al.. (.200Z) this is not unique as such an enhance- 



ment is also not observed from th e inte racting SNRs DEM 
L316 in the LMC (Williams et all ll997l) . A more advanced 
model and further observations of the Cygnus Loop are needed 
for clarification. 

5. Conclusion 

We present a new sensitive total intensity and polarization map 
of the Cygnus Loop at A6 cm, which is the shortest wavelength 
where a complete map including polarization has been obtained 
so far. Our highly stable receiver enables us to accurately mea- 
sure the faint extended emission of the source, which leads to a 
flux density increase by 20% compared to older data. Our spec- 
tral index of ff = -0.40 for the wave length range A2 1 cm to A6 
cm is consistent with that found bv lUvanikeretaP ll2004 for 
longer wavelength. This rules out a spectral break in the fre- 
quency range between 1.4 GHz to 4.8 GHz. The spectral index 
maps between different wavelength pairs do not show any spec- 
trum curvature. Some small spatial variations of the spectral 
index is visible on the combined spectral index map (Fig. 0. 
The polarization maps support the idea that the Cygnus Loop 
consists of two SNRs. We derived a RM of -21 rad nT^ to- 
wards the southern SNR and a RM of -28 rad m"^ for fila- 
ment C. These RM-values are explained by the Galactic fore- 
ground emission. The turbulent magnetized medium interior to 
the northern shell caused by the interaction of a blast wave with 
a cloud causes total depolarization at All cm. The RM of the 
northern part is based on /il 1 cm and A6 cm observations. Both 
a large mean RM of about 290 rad m ' or a small mean RM of 
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about -70 rad m"^ seem possible. The larger RM implies a tan- 
gential magnetic field for most sections of the shell as expected 
for an evolved SNR. 
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